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The CDS8 glycoprotein functions as an essential element in the control of
T-cell selection, maturation and the TCR-mediated response to peptide
antigen. CD8 is expressed as both heterodimeric CD8a.§ and homodimeric
CD8aa isoforms, which have distinct physiological roles and exhibit tissue-
specific expression patterns. CD8aa has previously been crystallized
in complex with class I pMHC and, more recently, with the mouse class
Ib thymic leukemia antigen (TL). Here, we present the crystal structure of a
soluble form of mouse CD8aa in complex with rat monoclonal antibody
YTS 105.18 Fab fragment at 2.88 A resolution. YTS 105.18, which is
commonly used in the blockade of CD8" T-cell activation in response to
peptide antigen, is specific for mouse CD8a. The YTS 105.18 Fab is one of
only five rat IgG Fab structures to have been reported to date. Analysis of
the YTS 105.18 Fab epitope on CD8a. reveals that this antibody blocks CD8
activity by hydrogen bonding to residues that are critical for interaction
with both class I pMHC and TL. Structural comparison of the liganded and
unliganded forms of soluble CD8aoa indicates that the mouse CDS8oa
immunoglobulin-domain dimer does not undergo significant structural
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alteration upon interaction either with class I pMHC or TL.
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The CD8 glycoprotein comprises alpha (o) and
beta (B) subunits, and is expressed at the leucocyte
cell surface as a disulphide-linked dimer of either
ao. or af. Although CD8a and CD8p share less than
20% sequence identity, and are under the influence
of separate promoter elements, they have a similar
topology.'* Each subunit comprises an immuno-
globulin super-family (IgSF) variable-type domain,
a highly O-glycosylated Ser/Thr/Pro-rich extended
stalk region consisting of 30-51 residues, a single-
pass transmembrane region and a short intra-
cellular domain.? The IgSF domains of each subunit
combine to form the binding site with which CD8
interacts with class I ligands on the surface of
antigen presenting cells.” N-Glycosylation of the
CD8 IgSF domains is highly variable; in humans,

Abbreviations used: IgSF, immunoglobulin super-
family; MHC, major histocompatibility complex; IEL,
intra-epithelial leucocytes; TL, thymic leukaemia antigen;
CDR, complementarity determining region.
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only a single site on CD8B is N-glycosylated
whereas, in rat, the o and B subunits have one and
three N-glycosylation sites, respectively, and in
mouse, the reverse is found where the o and B
subunits have three and one N-glycosylation sites,
respectively. O-Glycosylation of the extended stalk
region of each subunit is important in the selection,
maturation and activation of CD8* T-cells.* The
cytoplasmic domain of CD8a. is associated® with the
tyrosine kinase p56™, and the intracellular region
of CD8p facilitates the interaction of this subunit
with the intracellular components of the TCR/CD3
complex within membrane rafts on the T-cell
surface.”

The predominant isoform on circulating CD8™
leucocytes is CD8af, which binds to the non-
polymorphic region of the class I major histocom-
patibility complex (MHC) during antigen recog-
nition by the apT-cell receptor (TCR) to function as a
co-stimulatory factor for the TCR-mediated
response to class I MHC-bound peptide antigen
(pPMHC) (reviewed by van de Merwe & Davis®).
CD8aa is found mainly on intra-epithelial

0022-2836/% - see front matter © 2006 Elsevier Ltd. All rights reserved.
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leucocytes (IEL), natural killer cells (NK) and y3T-
cells, but has also been identified on both CD8 " and
CD4™* circulatory afT-cells.’

The physiological role of CD8aa is less well
defined than that of CD8af; CD8aa is expressed at
lower levels on conventional CD8" T-cells than the
af isoform, and is 100-fold less effective than
CD8af as a co-receptor for TCR-mediated T-cell
activation.'”"" A high level of CD8ao. on the surface
of IELs in the gut appears to be of functional
significance to these cells that play a regulatory,
rather than cytotoxic, role (reviewed by
Gangadharan & Cheroutre'?). Furthermore,
expression of CD8ao has also been associated
with the initiation and maintenance of CD8"
T-cell memory.'***

In contrast to CD8af, CD8ao. preferentially binds
to the mouse class Ib thymic leukemia antigen (TL).
Tetramers of TL bind with a higher affinity to cells
expressing the homotypic CD8ao than to those
expressing CD8af, and soluble TL has a greater
affinity for immobilized CD8aa (Kp=12 uMg than
for immobilized CD8ap (Kp=>90 uM)."” The
interaction of CD8aa with TL is antigen-indepen-
dent and is thought to perform a regulatory role in
T-cell homeostasis that is distinct from the function
of CD8af interaction with class I pMHC.'® CD8ao.
has also been identified in association with a
180 kDa epithelial cell surface glycoprotein
(gp180) in man, although the biological significance
of this interaction has yet to be determined."”

Overall structure of the CD8aa/YTS 105.18
complex

The crystal structure of the mouse CD8ao. IgSF
domain dimer has previously been reported in
complex with class I pMHC H-2K" to 2.8 A resol-
ution,'® as well as in complex with mouse class Ib TL
to 2.1 A resolution."” Here, we report the crystal
structure of a mouse CD8aca IgSF domain dimer in

Fab CD8a1  CD8u2 Fab2

CD8a2

complex with rat IgG2, YTS 105.18 antibody Fab
fragment at 2.88 A resolution. This complex defines
the structure of the mouse CD8oo dimer in the
absence of class I pMHC or TL, and identifies the
epitope for YTS 105.18 on CD8a. The crystallographic
asymmetric unit contains a single CD8oa. homodi-
mer, bound on each side by a YTS 105.18 Fab (Fab1
and Fab2), as illustrated in Figure 1(a).

The refined model contains 1081 residues of the
1102 present in the complex, as well as 12 well-
defined water molecules. Residues 1-228 of the Fab
heavy chain, residues 1-211 of the light chain,
residues 4-123 of the CD8al subunit and residues
4-122 of the CD8a2 subunit are observed in the
electron density maps. Stereochemical analysis
shows 86.3%, 11.6% and 2.0% of the residues are
within the most favored, allowed and generously
allowed regions of the Ramachandran plot, respect-
ively.”® AlaL51 lies within the disallowed region of
the Ramachandran plot, but is situated within a
classic y-turn motif that is commonly observed in
antibody Fabs.!

The CD8a IgSF domain adopts the classical
immunoglobulin V-type fold, composed of nine
B-strands, which form the classic sandwich of two
antiparallel B-sheets. A small region of both CD8a1
and CD8a2 (Lys69, Asn70, Ser71 and Ser72) is not
included within the refined model due to disorder.
Despite the presence of three potential N-linked
carbohydrate sites on CD8aa, no interpretable
electron density was observed for carbohydrates
attached at either Asn42 or Asn70. The third
potential N-glycosylation site at Asnl23 is not
included within the CD8a. construct. The 2F,—F.
electron density is well-defined for all of the Vyy, Vi,
Cyl and C, domains of the Fab except for a small
region of the Cyl domain that forms a highly
flexible loop (Asp130, Thr131 and Thr132) and is
commonly disordered in almost all Fab crystal
structures.” This region of the Fab has been omitted

Figure 1. Mouse CD8oa complex
with the YTS 105.18 Fab. (a) Ribbon
diagram of the refined model of the
CD8aa./YTS 105.18 Fab complex.
Fabl and Fab2 are in green and
blue, respectively. The CD8al and
CD8a2 subunits are in maroon.
(b) The epitope for the YTS 105.18
Fab on the surface of the CD8oa
subunit. YTS 105.18 binds the A, A’
and B strands of CD8a. The epitope
molecular surface (grey) covered by
YTS 105.18 is superimposed on the
ribbon diagram of CD8oa. Arg8
and Glu6 of CDS8a, which are
involved in hydrogen bonding to
class I pMHC, TL and also to YTS
105.18 Fab, are indicated. The single
N-glycosylation site at Asn42
within the CD8 construct is also
indicated.
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from the model due to lack of interpretable electron
density.

The YTS 105.18 Fab combining site

The YTS 105.18 Fab crystal structure is one of only
five rat IgG Fab structures to have been reported so
far and is the only anti-CD8 antibody Fab structure
to have been described. The YTS 105.18 epitope
on mouse CD8a is illustrated in Figure 1(b). The
refined model has an excellent fit to electron density
in the region of the CD8aa/YTS 105.18 Fab inter-
face, which is located on the A, A’ and B strands of
the CD8a IgSF domain and involves residues from
all six complementarity determining region (CDR)
loops of the YTS 105.18 Fab. The topology of the
YTS 105.18 Fab combining site is typical of anti-
protem antlboches with a concave and undulating
surface.”! The surface areas buried upon complex
formation between CD8a and YTS 105.18 Fab are
771 A? and 747 A2, respectively, and are typical of
those observed for protein/antibody interactions.”'
The majority of the Fab combining site interactions
are within Vy, which contributes 64% of the buried
surface area.

Comparison with TL and class-l pMHC bound
mouse CD8ao

The structure of the mouse CD8aa IgSF domain
has been described in complex with class I pMHC

2K" (PDB entry 1BQH'") and m complex with
class 1b TL (PDB entry INEZ'). Hence, the
structure presented here represents the first view
of mouse CD8aa. in the absence of an MHC ligand.
Comparison of CD8ao from our structure with
those from the class I pMHC and TL complexes,
after superimposition of the 224 C* atoms of CD8aot
reveals no 31%n1f1cant changes in CD8aa upon
binding H-2K” or TL (Figure 2(a)), with rm.s.d
values of only 0.75 Aand 0.67 A, respectively. Thus,
there is no evidence to suggest that conformational
changes or induced-fit mechanisms in the IgSF
domains are involved in the functional activity of
mouse CD8aa. The CDR-equivalent loop regions at
the top of the CD8a IgSF domains, comprising
Gly30 to Gly35 (CDR1-eqgivalent), Tyr55 to Lys62
(CDR2-equivalent) and Vall04 to Tyr1lll (CDRS3-
equivalent) are involved in the interaction of CD8a
with both class I pMHC and TL.** In our structure,
the CDR-like loops of CD8aa are not involved in
crystal contacts, and the average B values for
residues within CDR1 (49 Az) and CDR2 (47 Az)
are only slightly higher than those of the CD8aa
IgSF dimer as a whole (42 A? ) whereas those for
CDR3 are shghtly lower (36 A? ). An alignment of
the B-sheet regions of CD8aa from our structure
with those from the class I pMHC and TL complex
structures was carried out to assess any confor-
mational variations in the CDR-like loop regions
between unliganded and liganded forms of mouse
CD8aa (Figure 2(b)). Small variations arise in the
CDR1 and CDR2-equivalent loops, although the

CDR1 al CDR1 02
rmsd =1.64 Al1.64 A rmsd =1.49 A/1.33 A

CDR2 «al CDR2 o2
rmsd = V1.24 A rmsd =1.64 A/1.64 A

, 4

A

&

CDR3 al CDR3 02
rmsd =0.44 A/0.45 A rmsd = 1045 A

Figure 2. Comparison of Fab-bound, pMHC-bound
and TL-bound CD8aa. (a) Superimposition of the Fab-
bound CD8aa (maroon) with CD8aa from the complexes
with TL (dark green) and class I pMHC (yellow).
Superimposition was carried out using C* atoms from
224 residues corresponding to the CD8ao dimers of each
structure. (b) Overlay of residues within the CDR-
equivalent loops of CD8aa from our structure (maroon)
and those within the CDR-equivalent loops of CD8aa in
the complexes with TL (dark green) and with class I
PMHC (yellow). Superimposition of loop regions was
carried out based on an alignment of the B-sheet regions
of CD8aa from each structure and r.m.s.d. values are
based on atoms in the main-chain residues of each loop.

CDR3-equivalent loop regions exhibit very little
variation.

Molecular basis of YTS 105.18 blocking activity

YTS 105.18 is a rat IgG,, anti-CD8a monoclonal
antibody that does not deplete CD8™ T-cells in vivo
and is widely used for the blockade of CD8 ™" T-cell
activity in mice.” Inoculation of mice with YTS
105.18 induces tolerance to zenograft transplan-
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tation** and reduces insulin-dependent diabetes

mellitus (IDDM) in NOD mice.*

Comparison of the class I pMHC binding site of
CD8a, as defined in the CD8ao/H-2K® complex
structure,'® with the YTS 105.18 epitope determined
here indicates that residues of CD8a that interact

Tyrlﬂml

(b)

with the B,M and @3 domains of class I pMHC are
also involved in the interaction with YTS 105.18.
The YTS 105.18/CD8aa complex structure shows
hydrogen bond formation between Glu6 and Glu27
of CD8a with TyrL53 and TyrH100 of YTS,
respectively (Figure 3(a)). However, the CD8oa/

H100

\[yr

Asp'?

TL

CD8al

Figure 3. Comparison of CD8a. interaction with YTS 105.18, H-2K® and TL. (a) Expanded view of the interface between
CD8a and YTS 105.18 Fab in stereo. The CD8aa./ Fab complex is orientated as in Figure 1(a), with CD8al (maroon) on the
left and YTS 105.18 Fab1 (blue) on the right. Hydrogen bonds are indicated by a broken line. (b) Equivalent stereo view of
the interaction of CD8al (maroon) with class I pMHC (green), as defined in the CD8aa./ H-2K? complex structure.'®
(c) Equivalent stereo view of the interaction between CD8al (maroon) and TL (purple), as defined in the CD8ao./TL

complex structure."”
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class I pMHC complex structure reveals a salt-
bridge between Glu6 and Arg8 of CD8a.a. that helps
orient and stabilize the interaction between Arg8
and the main chain carbonyl of B,M Lys58, which
also hydrogen bonds to Glu27 of CD8a
(Figure 3(b)). In YTS 105.18, Arg8 of CD8a hydrogen
bonds to the side-chain of AsnL32 of YTS 105.18
(Figure 3(a)). Mutation of Arg8 to Ala8 in mouse
CD8a was previously found to inhibit binding of
soluble CD8aa. to class I pMHC, suggesting that
interaction between Arg8 and Lys58 of B,M is
critical.** Likewise, given that the interaction
between CD8a and TL as defined in the CD8ao./
TL complex structure'® involves formation of a salt-
bridge and hydrogen bonds between Arg8 of CD8a«
with Asp122 of the TL a2 domain (Figure 3(c)), it is
likely that binding of CD8a with YTS 105.18 would
also inhibit the interaction of CD8aa with TL.
Recent structural studies have revealed that the
CD8a and CD8P subunits have a similar topology,
and the CD8af IgSF-domain dimer is strikingly
similar to that of CD8ao.? Furthermore, mutations
of Arg4 (to Lys4) and Leu25 (to Ala25) of human

CD8a have an adverse affect upon the interaction in
human CD8ap with class I pMHC.?® It is reasonable
to assume, therefore, that CD8af binds class I
PMHC in a similar disposition to CD8a.a, such that
the CD8a. subunit contacts the al, o2 and B,M
domains. Superimposition of the mouse CD8aa/
H-2K" structure with the CD8ao./Fab structure in
the region of the CD8aa. dimer indicates that Fab
binding sterically hinders interaction of CD8ao
with class I pMHC and, therefore, would inhibit
binding of CD8a to class I pMHC. A physical clash
would occur either between the YTS 105.18 Fab and
the al/a2 domains of the class I pMHC
(Figure 4(a)), or between the YTS 105.18 Fab and
the APC membrane (Figure 4(b)), depending upon
the disposition of the CD8a subunit on CD8of
relative to class I pMHC. However, it should be
noted that the connecting peptide that tethers the
class I pMHC to the APC membrane is highly
flexible and the orientation of class I/CD8ap
complex relative to the membrane is, therefore,
dynamic and could possibly accommodate binding
to CD8aB/YTS 105.18 if CD8a occupies the “lower”

Figure 4. Mechanism of YTS
105.18 inhibition of CD8 binding
to class I pMHC and TL. Super-
imposition of the CD8aa/YTS
105.18 Fab complex with the
CD8aa/class I pMHC complex
over the C* atoms in 224 residues
of CD8aa provides two alternative
models for the inhibition of CD8a.3
binding to class I pMHC, depen-
dent on the disposition of CD8a
relative to CD8B in the CD8af/
pMHC complex. The class I pMHC
is depicted in green, CD8aa is in
maroon and the YTS 105.18 Fab is
in grey. A peptide loaded within
the antigen-presenting groove of
class I pMHC is represented in red,
and the flexible connecting pep-
tide is modeled at the carboxyl
terminus of the class I a3 domain.
The APC membrane is represented
at the membrane-proximal end
of the class I pMHC (broken line).
(a) If CD8a occupies the “upper”
position of the class I pMHC
binding site, CD8ap/pMHC
complex formation is inhibited by
YTS 105.18, by clash between YTS
105.18 Fab and the al and «2
domains of class I pMHC. (b) If
CDS8a. occupies the alternative,
“lower” position, inhibition of
CD8apf/pMHC complex forma-
tion would occur by a clash
between YTS 105.18 and the APC
membrane when CD8af attempts

to dock with class I pMHC. (c) Overlay of the CD8a.o./ TL complex structure'® with the CD8a./YTS 105.18 Fab complex
structure to illustrate two possible mechanisms of inhibition of CD8aa/TL complex formation by YTS 105.18. The
models have been aligned through C* atoms of CD8a.a. from each structure. TL is depicted in purple, CD8oo. in maroon
and the YTS 105.18 Fab is in grey. The flexible connecting peptide that tethers TL to the APC membrane is modeled at the
carboxyl terminus of TL. The APC membrane is represented at the membrane-proximal end of TL (broken line).
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(a2) half of the binding site. However, CD8ap likely
binds class I pMHC such that the CD8a subunit
occupies the “upper” (al) position, but this
determination must now await a CD8af/class I
complex crystal structure.

Given that blockade of CD8™" T-cell activity by
YTS 105.18 is brought about by prevention of a close
association between CD8af/YTS 105.18 and class I
PMHC at the T-cell/antigen presenting cell junc-
tion, it is likely that YTS 105.18 would also inhibit
interaction between CD8ao and TL at the surface of
IEL and may, therefore, have an effect upon IEL
proliferation, cytokine production and cell killing
(Figure 4(c))."®

Protein expression and purification

The IgSF domain of mouse CD8a, comprising
residues 1-123 of the mature protein, coupled to
a C-terminal cleavable leucine-zipper and hexa-
histidine purification tag (see Supplementary Data),
was cloned into the pRHma3 expression vector
(Invitrogen) and recombinant soluble CD8a was
produced in the Drosophila melanogaster expression
system. D.melanogaster cells recombinant for
soluble mouse CD8a were cultured using Insect
Express serum-free medium (Gibco) in rotating
roller bottles at 28 °C. Recombinant CD8a.0. protein
was isolated from cell-free medium by affinity
chromatography using beaded Ni NTA (Qiagen)
and purified to homogeneity by size-exclusion gel
filtration (Superdex 75 26/60, Amersham Pharma-
cia Biotech) to yield 0.5mg protein/l of tissue
culture supernatant. Removal of the carboxyl-
terminal leucine zipper and hexa-histidine tag was
achieved by cleavage with thrombin protease to
yield a 38 kDa dimer (sCD8ac).

Partial deglycosylation of recombinant glyco-
proteins has previously been carried out to facilitate
protein crystallization and to improve the diffrac-
tion quality of crystals, by enhancing the homo-
geneity of attached N-linked carbohydrates.”” It
was determined by HPLC analysis that N-glycans
attached to sCD8a.a. consisted of high mannose and
truncated core-fucosylated structures (data not
shown) resulting from the limited N-glycosylation
capabilities of D.melanogaster cells.*® Hence,
removal of terminal «-1,2, o-1,3 and a-1,6-linked
mannose residues attached to Asn42 and Asn70 of
sCD8aa was carried out by exposure to Jack bean
a-mannosidase (Sigma Aldrich) in a solution
containing 0.1 M sodium acetate, 100 mM NaCl, at
pH 5.6 for 18 h at 20 °C.

The YTS 105.18 mAb bound to sCD8aa with
nanomolar affinity, as determined by surface
plasmon resonance analysis (data not shown). The
YTS 105.18 hybridoma cell line*> was cultured in
large quantities and YTS 105.18 IgG was purified
from tissue culture supernatant by affinity
chromatography using beaded protein G (Sigma
Aldrich). YTS 105.18 Fab was obtained by digestion
with 10 ng of papain protease/mg of protein (Sigma
Alrich) and subsequently purified to homogeneity

by size-exclusion gel filtration (Superdex 75 26/60,
Amersham Pharmacia Biotech). The amino acid
sequence of the YTS 105.18 Fab was determined by
RT-PCR of mRNA purified from the YTS 105.18
hybridoma cell line and subsequent nucleotide
sequencing of the resulting cDNA. Formation of a
complex between YTS 105.18 Fab and an equimolar
amount of sCD8aa was observed as a peak of the
appropriate size in size-exclusion gel filtration and
usable crystals were obtained from this material.

Crystallization, data collection and refinement

YTS 105.18 Fab was incubated with an equimolar
amount of CD8aa for 10 min at 37 °C and crystals of
the CD8aot/YTS 105.18 complex (12.5 mg/ml) grew
from a solution containing 20% (w/v) PEG 3000,
100 mM sodium acetate (pH 5.1). Crystals were
flash-cooled to —180°C by rapid immersion in
liquid nitrogen, in a cryo-protectant containing the
well solution plus 20% (v/v) glycerol.
A native dataset was collected from a single crystal
to 2.88 A resolution at the Advanced Light Source
(ALS) synchrotron at the University of California,
Berkeley, CA, USA (Table 1). The CD8aa/YTS
105.18 Fab complex crystallized in orthorhombic
space group P2,2,2;, with unit cell dimensions a=
83.8 A, b=107.8 A, c=134.1 A. The crystallographic
asymmetric unit contains two Fabs and one

Table 1. Crystallographic data and refinement

A. Data processing
Resolution range (A)
Unique reflections
Completeness (%)

50.00-2.88 (3.00-2.88)
26,797 (2532)
99.1 (95.7)
43

Redundancy .
Reym” (%) 15.4 (60.9)
Average I/o(I) 10.8 (1.8)
B.Refinement
Reflections 25,403 (1609)
Reflections (test) 1346
Rerys® (%) 22.8
RfreeC (0/0) 27.3
Residues/protein atoms 1090/8341
Water molecules 12
Coordinate error? (A), 0.35
rmsd bonds/angles gA/deg.) 0.018/1.75
Average B values (A”)
Fabl 413
Fab2 41.2
CD8oa 422
Water molecules 345
Ramachandran statistics (%)
Most favored 86.3
Additionally allowed 11.6
Generously allowed 2.0
Disallowed 0.1

Values in parentheses refer to the highest resolution shell.

a Reym=100%; %; |;(h)y —{I(h))/ =, I(h), where Ii(h) is the ith
measurement of the /1 reflection and (I(h)) is the average value of
the reflection intensity.

b Rayst = Z|Fo| —|F.|/Z|F,|, where F, and F. are the structure
factor amplitudes form the data and the model, respectively.

¢ Reree i Reryse With 5% of the test set structure factors.

9 Values are based on maximum likelihood.
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sCD8ao, with solvent content of 47.2% (v/v) and
packing density (Vi) of 2.33 A®/Da.*

The data were phased by the molecular replace-
ment method, using the program AMoRe.”™ The
CD8a coordinates from the mouse CDS8aa/TL
complex structure (PDB entry INEZ') and a
mouse Fab structure (PDB entry 1ACY’') were
used as search models. Refinement of the CD8oa/
YTS 105.18 Fab complex structure was carried
out using the Crystallograph;/ and NMR system
(CNS) program version 1.1, and Refmac5,® as
implemented in the CCP4 suite of programs.>* Strict
non-crystallographic symmetry (NCS) restraints
were imposed upon the model throughout the
refinement. Molecular model building was carried
out using the program O.* Superimposition of
molecules was carried out using the least-squares
method, surface area calculations were carried out
using the program MS* and Fi%ures were created
using the program MOLSCRIPT.”

Protein Data Bank accession code

Coordinates and structure factors have been
deposited in the RCSB Protein Data Bank with
RCSB accession number rcsb034228 and PDB ID
code 2AR].
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